The coherent interaction between optical and acoustic waves via stimulated Brillouin scattering (SBS) is a fundamental tool for manipulating light at GHz frequencies. Its narrowband and noise-suppressing characteristics have recently enabled microwave-photonic functionality in integrated devices based on chalcogenide glasses, silica and silicon [1][2][3][4][5]. Diamond possesses much higher acoustic and bandgap frequencies and superior thermal properties, promising increased frequency, bandwidth and power; however, fabrication of low-loss optical and acoustic guidance structures [6] with the resonances matched to the Brillouin shift [1] is currently challenging. Here we use intense cavity-enhanced Raman generation to drive a diamond Brillouin laser without acoustic guidance. Our versatile configuration-the first demonstration of a freespace Brillouin laser-provides tens-of-watts of continuous Brillouin laser output on a 71 GHz Stokes shift with user switching between single Stokes and Brillouin frequency comb output. These results open the door to high-power, high-coherence lasers and Brillouin frequency combs, and are a major step towards on-chip diamond SBS devices.
SBS is challenging to realize in crystals due to the requirement for either long interaction lengths with optical and acoustic confinement [6, 29, 30] (which also reduces the threshold for parasitic nonlinearities, notably in low-bandgap materials [6, 20] ); or high-Q resonators with precise matching of the cavity mode spacing to the Brillouin frequency shift [1] . Despite recent progress in the development of photonic devices in diamond [31, 32] , fabrication of low-loss waveguides and resonators remains a challenge due to diamond being extremely hard and inert, and acoustic confinement is made all-the-more difficult in a stiff, high-acousticvelocity material [6, 30, 33] .
We have overcome these barriers by using an intense Raman-generated pump field in a free-space diamond laser. In this approach, stimulated Raman scattering (SRS) efficiently transfers power from an external input laser beam to a pump field resonant with a high-finesse cavity (Fig. 1) . Pump intensities exceeding 100 MW.cm −2 are generated with mode sizes more than a hundred times the acoustic wavelength, enabling
Brillouin lasing without major diffraction loss of the acoustic wave from the optical mode. The cavity length is adjusted to provide control over the output spectrum according to the resonance conditions for the Raman pump and Brillouin laser fields. The high thermal conductivity and damage threshold of diamond enables a much greater range of parameter space to be explored compared to other solid-state candidates for SBS. To coherently pump the acoustic wave, we first exploited the spatial-hole-burning-free nature of Raman gain to generate a single longitudinal mode (SLM) Raman field as the Brillouin laser pump in a standingwave cavity [34] . By setting the cavity length to a double-resonance at the Raman and Brillouin-shifted wavelengths (Fig. 1a,b) , Brillouin lasing was observed as a distinct peak at 1241.79 nm in addition to the Raman laser line at 1241.42 nm (Fig. 2) . The frequency separation of 71 ± 3 GHz corresponds to the back-scattered Brillouin frequency shift from the longitudinal acoustic mode in diamond propagating along 110 [26, 35] . Scanning the mirror spacing over several hundred microns tunes a cavity resonance over the Brillouin gain profile (Fig. 1b) , providing selectable enhancement or complete suppression of Brillouin lasing. Further experimental details are provided in the Methods. Single-Stokes output was observed without cascading to higher orders, even for cases where the power in the Brillouin mode exceeded that of the Raman pump. Since the Brillouin frequency shift is proportional to the pump frequency (∆ν B = 2nv a ν 0 /c) [36] the frequency spacing decreases with Stokes order, an effect exacerbated in diamond due to its high product of sound velocity v a and index n. The calculated walk-off of the second-Stokes frequency from the cavity resonance is 21 MHz, thus it can be deduced from the absence of second-Stokes that the We also investigated Brillouin lasing pumped by a broadened Raman field comprising of approximately 21 longitudinal modes (spanning ∼ 20 GHz). This was achieved by using a multi-longitudinal-mode (MLM) 1064 nm input beam for driving the Raman field. The Brillouin laser spectrum in this case consisted of multiple Stokes orders with power up to 42.2 W (Fig. 3a) across all Stokes orders and 31.0 W for the first Stokes order. End-mirror translation again provided control over the Brillouin laser spectrum, including operating regimes consisting of single and cascaded SBS lines and completely suppressed Brillouin lasing (Fig. 3b,c) . For the cavity length providing the widest comb, up to 8 Brillouin Stokes shifts and 5 antiStokes shifts were observed (Fig. 3c) . The presence of anti-Stokes lines is indicative of four-wave-mixing (FWM), which potentially provides a mechanism for phase-locking and mode-locked pulse generation [40] . The comb width was found to be highly sensitive to mirror spacing, with sub-wavelength tuning leading to notable sharpening of each spectral component with reduced spectral power density between each comb line (Fig. 3c) . We expect that such behaviour is analogous to that seen in other Brillouin [40] and Kerr frequency comb systems [41] in which cavity or pump tuning leads to the onset of phase-locking with subsequent comb , and the spectrum obtained after further sub-micron cavity-length adjustment optimized for comb generation (black solid curve). Note both curves are normalized and on a logarithmic scale, and the red dashed curve is offset by −15 dB for clarity. The more finely-tuned Brillouin frequency comb exhibits distinct comb lines up to the 8th Stokes order and the 5th anti-Stokes order, with approximately 10 dB greater suppression of power-per-nm between comb lines. In each case the observed spectrum was stable over several minutes, and repeatable by adjustment of the cavity length.
broadening and noise reduction [41, 42] . Thus, these results highlight potential for generating high-power, high-repetition rate mode-locked pulses and low-noise frequency combs from diamond Brillouin lasers with active cavity stabilization.
The Brillouin comb in Fig. 3c contains anti-Stokes lines and a triangular profile consistent with Kerr FWM [43] . Kerr FWM generates equally-spaced comb lines that are resonant with the cavity, and is phasematched for co-propagating fields in the standing-wave configuration [40] . A Kerr-dominated generation mechanism is also consistent with the diminished role of cascaded Brillouin gain as a result of the frequency walk-off from cavity resonances (Fig. 2b) . Kerr comb generation is expected to be enhanced in the presence of multiple pairs of Raman and Brillouin-shifted modes (each of which is resonant with the cavity) due to higher peak intensities from longitudinal mode beating. This explains the observation of comb generation containing a first-Stokes Brillouin component with only a fraction of the intensity of the Raman pump (see Fig. 3c ), in contrast to the SLM-pumped case. However, it is anticipated that SLM combs generated by Kerr FWM will be observed at higher input powers. While our Raman-pumped Brillouin laser approach provides advantages for attaining laser threshold in a bulk format, there are good prospects for further reducing threshold and achieving lasing in other arrangements. Currently the observed threshold leads to a calculated gain coefficient that is much lower than expected from reported photo-elastic coefficients and the acoustic linewidth deduced above. The threshold for the SLM-pumped case (800 W of intracavity power), for example, yields a Brillouin gain coefficient of 0.7 cm/GW (see Supplementary Material). A similar value is obtained for the multimode case, even under the conservative assumption that all the Raman power is contained in a single mode. However, a calculation based on the photoelastic tensor for diamond [26] /1000; see Supplementary Material). These complex dynamics may be avoided by employing externally pumped architectures with potential for greatly reduced thresholds.
The ability for diamond to be continuously pumped at high power with resilience to stress fracture and thermal lensing [45] , even in the presence of impurity absorption, provides an excellent medium for exploring a wide range of Brillouin phenomena. Our laser results highlight great potential for high power lasers and amplifiers with intrinsically low quantum defect and narrow linewidth. Our demonstrated control of the output spectrum foreshadows the attractive prospect of selectable frequency generation to single Stokes or multiple Stokes and widely-spaced frequency combs. Power-scalable single-Stokes output is a critical factor for low-noise Brillouin lasers [13] which in our case is aided by the large frequency walk-off per cascade. There are also prospects for transfering concepts from pulsed SBS in liquids and gases-such as phase-conjugate mirrors [46] and beam combination [44, 47] -into all-solid-state designs and into the continuous-wave regime. Finally, this work comprises a major step towards diamond on-chip Brillouin devices, in which ultrahigh Brillouin frequencies, high Brillouin gain and the robust material platform are anticipated to combine to greatly extend the capabilities of integrated Brillouin photonics.
Methods

SLM-pumped diamond Brillouin laser
The input laser was a 50 W ytterbium-doped fiber amplifier (IPG Photonics, YAR-LPSF) seeded by an external-cavity diode laser (TOPTICA Photonics, DL-DFB-BFY), operating at 1065 nm with a linewidth of 5 MHz. The input beam was focussed to a waist radius of 36 µm in the diamond using a 50 mm focallength lens. The diamond Brillouin laser configuration consisted of a near-concentric linear resonator with the diamond centered on the waist of the cavity mode. The diamond was a 1.2 × 4 × 8 mm 3 sample with low birefringence and low nitrogen content (< 20 ppb, ElementSix Ltd.), with beam propagation along 110 and parallel to the 8 mm-long edge. Anti-reflection coatings optimized for 1240 nm were applied to the diamond end facets. These coatings have shown ability to withstand extremely high continuous-wave power densities (> 4 MW/cm linear power density [27, 28] ) due to their direct contact with such a thermally conductive substrate. The plane-concave input coupler mirror had a 50 mm radius of curvature and was optimized for high-reflectivity at 1240 nm and high transmission at 1064 nm; while the plane-concave output coupler mirror had a 75 mm radius of curvature and was optimized for high-reflectivity at 1240 nm and 1064 nm, in order to double-pass the input beam through the diamond. Consequently, the cavity losses at the Stokes wavelengths (Raman and Brillouin) were dominated by diamond losses of about 0.5% per round trip. The total cavity length was approximately 126 mm, and the Stokes mode radius in the diamond was 65 µm. In this configuration, we restricted the injected input power to less than 25 W to avoid damage to the output coupler mirror, which did not have a very high laser-induced damage threshold at 1240 nm. The mount for the output coupler mirror was fixed to a piezo-controlled translation stage, enabling sub-micron adjustment of the cavity length. The spectral content of the diamond lasers (both SLM and MLM-pumped) were characterized using an optical spectrum analyser (Anritsu, MS9710A) with spectral resolution of 0.076 nm at 1240 nm.
MLM-pumped laser
The input laser was a quasi-CW-pumped Nd:YAG laser, operating at 1064 nm with 0.2 ms pulses and a repetition frequency of 40 Hz. The motivation for using this mode of operation is to simplify development of input laser sources with multi-hundred-watt power levels. As detailed and demonstrated in our previous diamond Raman laser papers [27, 35] , this pulse duration is orders of magnitude longer than the time-scale for diamond to reach a thermal equilibrium equivalent to continuous-wave operation with the diamond side faces cooled to room temperature. Since thermal effects occur on far longer time-scales than any other relevant optical or acousto-optical effects, the laser behaviour is effectively CW. On-time (i.e. CW) power levels of both input and Stokes light were obtained from oscilloscope traces of the laser output captured with fast photodiodes, which were calibrated in power from average power measurements obtained with thermal power meters. The diamond laser cavity setup was almost identical to that of the SLM-pumped diamond Brillouin laser, except that the IC and OC mirrors had radii of curvature of 100 mm and 50 mm, respectively, the OC mirror had 0.5% transmission at 1240 nm, and the input beam focussing lens had focal length 100 mm. The total cavity length, Stokes mode radius in the diamond and input beam waist radius in the diamond were 152 mm, 62 µm and 45 µm, respectively.
Supplementary Material
Calculation of the Brillouin gain coefficient from the photoelastic coefficient
The Brillouin gain coefficient g 0 is dependent on the photoelastic coefficient p according to [1, 2] 
where n is the refractive index, ω s is the Stokes angular frequency, ρ is the mass density, v a is the acoustic velocity (18.3 km/s for the longitudinal mode propagating along 110 [3] ), c is the vacuum speed of light and Γ is the Brillouin gain linewidth (in radians/s). In crystals, p is dependent on the polarization of the pump and Stokes fields and the propagation direction of the acoustic phonons, and is found using
where e s and e p are Stokes and pump polarization vectors, respectively, and T is the Brillouin scattering tensor. For the case of longitudinal acoustic phonons propagating along 110 in diamond, T is given by [3] : for Brillouin backscattering via the longitudinal acoustic mode propagating parallel to 110 . Note that here "pump" refers to the field that pumps the Brillouin interaction, which in the case of our experiments is a Raman Stokes field. The white dashed (inner) and dotted (outer) contour lines indicate where p 2 is equal to half the maximum value and 10% of the maximum value, respectively. Polarization effects in diamond Raman lasers have been elucidated in other work [4] .
Calculation based on the SLM-pumped experimental results
An estimation of the Brillouin gain coefficient was determined experimentally for the narrow-linewidthpumped laser under the assumption that the Raman pump comprised of a stable SLM. The condition for Brillouin laser threshold was derived by adapting an existing free-space Raman laser model [5] . After accounting for the fact that the Stokes field only experiences Brillouin gain from a counter-propagating pump (whereas Raman gain is equal for co-and counter-propagating pump and Stokes beams), as well as the fact that the circulating Raman field makes a double pass through the crystal per round trip, the threshold condition for Brillouin lasing can be expressed as
where P Th B is the circulating pump power in the cavity at threshold for Brillouin lasing (i.e. the circulating intra-cavity power of the Raman field), T is the transmission of the output coupler mirror (approximately 0.2% accounting for coating losses), α = 0.003 cm −1 is the loss per centimetre in the diamond at 1240 nm, L = 0.8 cm is the diamond length, g B is the Brillouin gain coefficient, and Λ and ξ are parameters that account for the effect of focussed beams on the overall gain. Expressions for Λ and ξ are given in Eq. 8 and 9 of [5] , but since in our case the Raman and Brillouin fields both occupy fundamental transverse modes of the same resonator and are at effectively equal wavelengths, they simplify to
where λ S = 1240 nm, z S is the Rayleigh length of the Raman and Brillouin modes, and n = 2.42 is the refractive index of diamond. In order to calculate the circulating Raman intra-cavity power at Brillouin threshold, we use the aforementioned Raman laser model and the measured threshold for Raman lasing (19.1 W of injected 1064 nm input beam power). The input beam and Raman Stokes waist radii in the diamond were 36 µm and 65 µm, respectively, and both beams had M 2 = 1. Since for the Raman case, the input and Stokes wavelengths and beam parameters are significantly different, the simplifications above (Λ = Λ B and ξ = ξ B ) do not apply.
Here it is convenient to express Λ and ξ in terms of the waist radii and Rayleigh lengths as
, and (7)
where w i , w S , z i and z S are the waist radii and Rayleigh lengths of the input (1064 nm) and Raman Stokes beams, respectively. In the case of the Raman laser, for which the 1064 nm input beam also double-passes through the crystal, the condition for Raman lasing threshold is then
where g R = 10 cm/GW and R i is the reflectivity of the output-coupler mirror at 1064 nm (approximately 0.97 to account for diamond coating losses at 1064 nm on a double pass). Using the parameters given above, this gives P Th R = 19.1 W in agreement with the experimentally measured value. Subsequently, using the same model [5] we calculate the intra-cavity circulating power of the Raman field at the 1064 nm input power of 22.4 W, corresponding to the observed threshold for Brillouin lasing. This model gives an expression for the input power required to produce a circulating intra-cavity Raman Stokes power as
where G = 2g R arctan(ξ)/(ηΛ) is the Raman power gain in the focussed geometry, P circ S is the circulating intra-cavity power of the Raman field, and η = 1064/1240 is the quantum defect of the Raman shift. For an input power of 22.4 W we calculate P circ S = 800 W. Substituting this value for P Th B into Eq. (4), we calculate g B = 0.7 cm/GW. Uncertainties in the diamond loss coefficient, diamond coating losses and mirror coating losses give rise to significant uncertainty in this value (a factor of two to four would be reasonable) since in this case the output coupler is nominally HR; however, the uncertainty in this value is insignificant compared to the discrepancy between it and the estimated value from the photoelastic tensor and Brillouin linewidth (as given in the previous section), for the reasons discussed in the paper and in the following section.
Effect of broadening and instability in the Raman longitudinal-mode spectrum on the observed threshold
The much-higher observed Brillouin lasing threshold than expected from estimations of the gain coefficient can be attributed to spectral broadening and instability in the Raman laser field that pumps the Brillouin interaction in diamond. This is similar to spectral broadening effects that have been observed and analysed in intra-cavity-pumped Raman lasers [6, 7] , and briefly outlined below.
In an intra-cavity-pumped Raman laser, a Raman crystal shares an optical cavity with a fundamental inversion-based laser crystal and the fundamental laser field pumps the Raman laser field via SRS. In such lasers, the Raman laser field provides an intra-cavity loss for the fundamental field, with a finite spectral width determined by the Raman gain linewidth. Since the Raman gain linewidth is typically narrower than the gain profile of the fundamental laser field, the fundamental laser field tends to broaden with increasing pump power above the Raman laser threshold, which in turn reduces the efficiency of conversion from the fundamental field to the Raman laser field. This has been mitigated in practise by using intra-cavity filtering elements (etalons) to eliminate spectral broadening of the fundamental laser field [6] .
The same mechanism applies in our Brillouin laser, causing broadening (or instability, as outlined below) in the intra-cavity Raman field which pumps the Brillouin laser. However, in our case a single Brillouin longitudinal mode only provides a loss for a single longitudinal mode of the Raman field because the Brillouin linewidth is far narrower than the longitudinal mode spacing of the cavity. Neighbouring longitudinal modes for the Raman field have almost identical gain to the initial Raman mode, and can easily reach threshold, since the Raman gain bandwidth is 45 GHz in diamond-more than 40 times the longitudinal mode spacing. Therefore, at the very onset of Brillouin lasing, the corresponding Raman longitudinal mode is clamped (due to conversion via SBS, much like in a two-Stokes Raman laser [8] ), and neighbouring longitudinal modes in the Raman line will reach threshold and deplete energy from the input laser field, suppressing further growth of the Brillouin mode. Once these neighbouring modes grow to a sufficient intensity for Brillouin lasing, they too will drive more Brillouin modes and repeat the process, giving rise to additional Raman modes without significant additional growth in the Brillouin output power. In this way, instead of increasing Brillouin output power, the onset of Brillouin lasing gives rise to additional Raman lasing modes and broadening of the Raman output spectrum. Since the differential in gain between neighbouring longitudinal Raman modes is so small, we would expect negligible growth in the Brillouin laser field until the Raman line is broadened to about the Raman gain linewidth (45 GHz) , in the case of a steady-state system.
While the above modelling assumes all fields are in a steady state, it is likely that our laser is operating in a dynamic regime where the same effect on Brillouin output power can be realized without severe broadening of the Raman spectrum. Since the Raman phonon lifetime (7 ps [9] ) is approximately three orders of magnitude shorter than the Brillouin phonon lifetime, the Raman field can respond much faster (e.g. in build-up time) than the Brillouin field. Since the Brillouin field provides such a narrow-band loss on the Raman field as to only affect a single longitudinal mode, it is likely that the Raman lasing field would respond by rapidly mode-hopping in response to the onset of Brillouin lasing, which would suppress the growth of the average power of the Brillouin laser field without causing broadening in the Raman spectrum beyond a few longitudinal modes.
Resolving these dynamics would require spectral characterization with temporal resolution faster than the photon lifetime of the cavity (∼ 100 ns) and spectral resolution sufficient to resolve individual longitudinal modes, which is well beyond the state of the art. However, we do observe evidence to support this explanation, namely broadening of the Raman mode under Brillouin lasing and increasing input power (Fig. S2) . 
